Large social insect colonies exhibit a remarkable ability for recognizing group members 14 via colony-specific cuticular hydrocarbon (CHC) pheromonal signatures. Previous work 15 suggested that in some ant species colony-specific signatures are generated through a 16 "gestalt" mechanism via the passive transfer and homogenization of CHCs across all 17 individual members of the colony. In contrast, we demonstrate that nestmate recognition 18 cues of worker honey bees (Apis mellifera) mature in foragers via a sequence of 19 stereotypic age-dependent quantitative and qualitative chemical transitions, which are 20 driven by intrinsic biosynthetic pathways. Therefore, in contrast to predictions of the 21 "Gestalt" model, nestmate recognition cues in honey bee colonies do not represent a 22
Introduction 29
The ability to recognize "self" plays an important role in regulating diverse 30 processes across biological organizational levels (Tsutsui, 2004) . Analogous to the 31 acquired immunity system, which depends on self-recognition at the cellular and 32 molecular levels (Boehm, 2006) , adaptive organismal social interactions often depend 33 on the ability of individuals to recognize group-and/ or genetic-relatedness of 34 conspecifics to increase cooperation or to suppress inbreeding (Hamilton, 1964a, 35 1964b; Pusey and Wolf, 1996; Trivers, 1971; West et al., 2007; Wilkinson, 1988) . One 36 remarkable example of organismal recognition of "self" comes from colonies of social 37 insects, which depend on a robust nestmate recognition system to prevent the loss of 38 expensive resources to non-nestmates, and to maintain overall colony integrity (Hefetz, 39
2007; van Zweden and D'Ettorre, 2010). 40
As in other self-recognition systems, theoretical models suggest that nestmate 41 recognition in social insect colonies depends on the ability of individual colony members 42 to reliably match colony-specific phenotypic cues, or "labels", carried by other colony 43 members, to stored neural "templates" (Buckle and Greenberg, 1981; Errard, 1994 The CHC signatures of individual workers are task-related. Honey bee workers 144 exhibit age-related division of labor, which is characterized by a stereotypic sequence of 145 in-hive behavioral tasks such as nursing and food handling, followed by the final 146 transition to foraging outside the colony at about three weeks of age (Robinson, 1992 0.50, p < 0.001). Similarly, we observed a significant effect of task on the CHC profiles 161 of individual "over-aged" nurses and typical-aged foragers at three weeks of age ( Figure  162 2B, Permutation MANOVA, F(1,15) = 45.41, R 2 = 0.76, p < 0.001). In contrast, task and 163 age had no effect on total CHC amount ( Figure 2C , Two-way ANOVA, age: F(1,28) = 164 0.55, p = 0.46, task: F(1,28) = 0.37, p = 0.55, age*task: F(1,28) = 5.37, p = 0.03). 165
Together, these data suggest that processes associated with the behavioral maturation 166 of honey bee workers, not chronological age, are primarily responsible for the observed 167 forager versus nurse CHC signatures of individual honey bee workers. 168
Previous studies suggested that exposure to the environment outside the colony 169 is sufficient to induce changes in the CHC profiles of individual social insects (Wagner 170 et al., 2001), which may account for our observed forager-specific CHC profiles in 171 honey bees. Therefore, we next asked whether spending time outside the hive is 172 sufficient to induce the observed foraging-specific CHC signature by comparing the 173 CHC profiles between "undertakers", nurses, and foragers from typical colonies. 174
"Undertakers" are a small group of highly specialized older pre-foraging workers, which 175 are responsible for removing dead bees by carrying them outside and away from the 176 colony (Robinson, 1992; Smith et al., 2008; Søvik et al., 2015) . Therefore, because 177 undertakers and foragers perform their respective tasks outside the hive, while nurses 178 and other younger, pre-foraging bees rarely do, we reasoned that if outdoor exposure 179 defines the distinct forager-specific CHC signatures then the CHC profiles of 180 undertakers should be more similar to foragers than to nurses. However, we found that 181 although undertakers do not differ from foragers in total CHC amount ( Figure 2D , 182 ANOVA, F(2,21) = 6.228, p = 0.008), their CHC profiles are qualitatively markedly 183 different from foragers, yet similar to those of nurses ( Figure 2E , Permutation MANOVA, 184 F(2,23)=12.60, R 2 = 0.55, p < 0.001). These data suggest that the forager-specific CHC 185 signatures are not solely driven by exposure to the outside environment, and therefore, 186 are likely driven by the worker's physiological transition to foraging activity. 187
188
The development of individual CHC profiles is a regulated process modulated by 189 the colony environment. Previous work indicates that guard bees will accept foraging-190 age nestmates and reject foraging-age non-nestmates, independent of genetic 191 relatedness (Downs and Ratnieks, 1999) . This suggests that factors associated with the 192 hive environment play a dominant role in specifying the colony-specific chemical 193 signatures used for nestmate recognition. Yet, our data also indicate that CHC 194 development in individual workers is a developmentally-regulated process that is closely 195 associated with the age-dependent division of labor among workers. To address this 196 potential conundrum, we next asked whether the effects of task and colony environment 197 on the development of CHC profiles of individual workers are independent by using a 198 reciprocal cross-fostering strategy. To achieve our goal, we introduced cohorts of newly 199 . We tested our 227 hypothesis by examining whether age and/or task have an effect on the mRNA 228 expression levels of genes that encode elongases and desaturases, the major enzymes 229 in the CHC biosynthesis pathway (Chung and Carroll, 2015) . To achieve this, we first 230 used a bioinformatic approach to identify all putative members of both protein families in 231 indicate that, in contrast to the assumption of the "Gestalt" model and previous reports 238 on how some ant species acquire their nestmate recognition cues, the CHC profiles of 239 individual honey bee workers do not represent an average cue that is passively 240 acquired via physical interactions between individuals or between individuals and nest 241 materials. Instead, the CHC profile of individual honey bee workers is likely determined 242
by an innate developmental process that could be modulated by factors such as age-, 243 task-, and colony environment. 244
245
Age and task play a role in defining nestmate recognition cues in honey bee 246 colonies. Together, our data suggest that, in contrast to some of the assumptions of 247 the "Gestalt" model, it is unlikely that all members of a single honey bee colony share 248 the colony-specific nestmate recognition cues. Instead, our data support a different 249 model, which stipulates that the specific chemical cues used for nestmate recognition 250 develop in association with the well-described age-dependent division of labor in this 251 species (Robinson, 1992 7.35, df = 2, p = 0.04). These data further support the idea that colony-specific cues are 264 likely not carried by honey bees until shortly before they begin foraging. 265 Surprisingly, we also observed that while young Day 1 bees are accepted by 266 related guards, they are often rejected by unrelated guards ( Figure 6B ). This finding 267 contradicts the broadly accepted "blank slate" hypothesis, which predicts that because 268 day-old bees are devoid of any defining chemical signals, they should be always 269 accepted by guards independent of relatedness (Breed et al., 2004). While we do not 270 yet know which components of the CHC profile of young bees might have triggered a 271 rejection by unrelated guards in our colonies, one plausible interpretation of these data 272 is that the observed response of guards to unrelated Day 1 bees is an artifactual 273 experimental outcome of a forced behavioral interaction between two bee groups, which 274 in colonies with a typical demography, do not normally interact in the context of the hive 275 entrance. These data suggested that nestmate recognition is a plastic behavior, that 276 can be altered by social and other environmental contexts. To directly test this 277 hypothesis, we next investigated the effects of exposing guard bees to the main 278 insects has been to determine how cue colony-specificity is determined. Cue specificity 299 has historically been proposed to either be determined by mechanisms under genetic 300 control or acquired from the environment (Crozier and Dix, 1979). Although our studies 301 do not directly address the mechanism by which cue specificity is determined in honey 302 bees, data from cross-fostering experiments suggest that cue development and 303 specificity are defined by interactions between factors derived from the colony of origin 304 of individual workers and the actual hive environment they live in. Therefore, our data 305 suggest that, in contrast to being solely genetically determined or environmentally 306 acquired, CHC profiles of honey bee workers develop via a biphasic process that is 307 governed, at least in part, by the intrinsic physiology of individual workers, the specific 308 behavioral tasks they are engaged in, and the hive environment they age in. In phase 309 one, similar to other social insect species , the total CHC amount 310 builds up, possibly to increase the resistance of workers to desiccation while still inside 311 further supported by our data, which indicate that although unrelated foragers raised in 324 the same colony are equally accepted, their overall CHC profiles remained somewhat 325 qualitatively different ( Figure 3C ). These data provide two important insights. First, 326 guards are not likely to use the full CHC profile of individuals to determine group 327 membership. Second, differences in the CHC profiles of co-fostered foragers that 328 originated from different source colonies further indicate that the cue maturation process 329 does not follow the passive CHC transfer and homogenization that is characteristic of 330 species that use the gestalt mechanism. 331
The lack of empirical support for a passive, "Gestalt"-like mechanism for the 332 regulation of nestmate recognition cues in honey bees is further supported by our 333 finding that the expression levels of genes that are known to play a role in CHC 334 biosynthesis change in association with the observed developmental plasticity of the 335 CHC profiles of workers. Although these data do not directly contradict the possibility of 336 some passive transfer of particular CHCs, they do indicate that at least some 337 components of the developing CHC profile are due to intrinsic plasticity in the 338 transcriptional activity of the CHC synthesis pathway. However, our studies also 339 importantly show that genetically-related bees that age in different colonies exhibit 340 qualitatively different CHC profiles and CHC biosynthesis gene expression levels in their 341 cuticles, which suggests that the intrinsic CHC maturation process could be also 342 modulated by factors associated with the hive and/ or social environments. Based on 343 these data, we propose a new model, which stipulates that the hive environment plays 344 an indirect role in defining nestmate recognition cues by modulating the intrinsic 345 pheromone synthesis pathway. Thus, the colony environment drives the development of 346 similar pheromone profiles across all individuals living in the same colony, which in 347 typical honey bee hives, seems to be directly associated with age-dependent division of 348 labor. Such a model could resolve previous seemingly contradictory data which 349 suggested that honey bee CHC profiles are defined by genetic (Page et al., 1991 Therefore, we were surprised by our observation that Day 1 bees are accepted at the 357 entrance to their natal colony but rejected at the entrance of an unrelated colony. This 358 apparent conundrum highlights an important, but often misunderstood, aspect of the 359 nestmate recognition system in honey bees and other social insect species, which is 360 that the "rejection" behavior by guards is highly contextual. Conceptually analogous to 361 other biological systems that are responsible for detection of "self" versus "non-self" 362 (e.g., the acquired immunity system in vertebrates), behaviors associated with nestmate 363 recognition are restricted to interactions between guards and incoming bees at the 364 entrance to the hive (Couvillon et al., 2013). Therefore, because nestmate recognition is 365 limited to a specific interaction between entering bees and guards at the entrance, the 366 "acceptance" of day old bees outside the context of the hive's entrance is actually due 367 to the lack of a "rejection" behavior context within the hive. 368
Since Day 1 bees were rejected by an unrelated colony, yet accepted at their 369 natal colony, it is possible that nestmate recognition of young bees either depends on 370 components of the CHC profile that are already present in Day 1 bees, non-CHC 371 chemicals, or an altogether different sensory modality. Alternatively, because newly 372 eclosed bees usually perform cell cleaning behaviors at the interior of the hive, and 373 therefore do not typically interact with guards at the hive entrance (Robinson, 1992 . Furthermore, we found that when acutely exposed to the main 385 component of alarm pheromone, guards will reject their nestmates, whom they would 386 usually accept under normal circumstances ( Figure 6C ). These data clearly 387 demonstrate that although chemosensory communication plays an important role in the 388 nestmate recognition system of honey bees, cue specificity is not required for inducing 389 rejection behaviors by guards, and that when presented with an acute "emergency" 390 situation, acute alarm pheromone-dependent reduction in rejection threshold is more 391 adaptive than selective rejection based on hive membership. Together, it seems that 392 instead of being driven by simple binary decisions, nestmate recognition systems 393 depend on plastic recognition of "friends" and "foes" as part of a broader group-level 394 optimization of colony fitness that depends on social and other environmental contexts. 395
In conclusion, we propose that nestmate recognition cue production and 396 acquisition in honey bees are not likely to be driven by processes that are analogous to 397 the passive "Gestalt"-like mechanisms described in some ant species (Boulay et al., In short, about 1000 newly eclosed bees (<24 hours old) were placed in a small wooden 429 nucleus hive-box with a young, unrelated mated queen, one honey frame from their 430 natal colony, an empty comb frame, and three new frames with wax covered plastic 431 foundation. Bees were collected as typical-aged nurses and precocious foragers one 432 week after introduction, and as over-aged nurses and typical-aged foragers at three 433 weeks after introduction. Bee samples were collected and stored as above. 434 435 Undertaker collection. To induce "undertaking" behavior, about 1000 dead bees were 436 placed into the top of two different colonies, and the first 20 bees that were observed 437 removing dead bees from the colony were collected from the entrance. Returning 438 foragers and in-hive nurses of unknown ages were also collected from each colony at 439 the same time. Samples were stored and processed as described above. 440 441 Cross-fostering experiment. 1000 day-old bees from two independent source colonies 442 were collected and marked as above. Half of the bees in each marked cohort were 443 randomly reintroduced to both their own natal colony and the reciprocal foster colony. 444
Subsequently, marked bees of defined age were recollected from internal frames of 445 each colony as described above. 446 447 Nestmate recognition assay. Every day over a three-week period, newly eclosed bees 448 (<24 hours old) from a single source colony were collected as described above, 449 uniquely color-marked, and then reintroduced into their natal colony. Subsequently, on 450 each experimental day, bees from the following groups were collected, placed in 451 individual 15 mL plastic tubes (Corning, Corning, NY, USA), and chilled on wet ice in an 452 ice cooler up to 10 minutes before the assay in order to limit heat related stress: bees of 453 the focal age (identified by color of mark), returning nectar foragers (denoted by 454 distended abdomen and lack of pollen) of unknown age from the natal colony, and 455 returning nectar foragers of unknown age from an unrelated colony. All foragers, which 456 served as behavioral controls, were painted the same color as the experimental bees 457 just after collection. Tubes were numbered in a randomized order and blinded to the 458 experimenter conducting the behavioral assays. Fifteen bees per group were prepared 459 for each colony each experimental day. 460
Behavioral assays were conducted simultaneously at two colonies (natal and 461 unrelated) by two researchers, as well as recorded using digital video cameras. whole bees by placing individual bees into 6 mL glass vials fitted with 16mm PTFE/silica 485 septa screw caps (Agilent Crosslab, Santa Clara, CA, USA). Bee CHCs were extracted 486 in 500 uL hexane containing 10 ng/μl of octadecane (C18) and 10 ng/μl of hexacosane 487 (C26), which served as injection standards. To achieve efficient extraction, each vial was 488 gently agitated by vortexing (Fisher Scientific, Waltham, MA, USA) for 2 min at minimum 489 speed. Extracts were immediately transferred to new 2 mL glass vials fitted with 9mm 490 PTFE lined caps (Agilent Crosslab, Santa Clara, CA, USA). In cases where experiments 491 involved forager honey bees, all bees (including non-foragers) had their hind legs 492 removed prior to extraction, in order to ensure removal of pollen. 100 ul of each extract 493 was transferred to a new 2 mL glass vial and stored at -20°C for further analysis; the 494 remaining 400 uL was stored at -80°C as back-up. 495
Representative pooled samples of foragers and nurses of known age were first 496 analyzed by combined gas chromatography/mass spectrometry (GC/MS) for compound 497 identification. Samples were run from 150 0 (3 min hold) to 300 0 at 5 0 /min. Compounds 498 were identified by their fragmentation pattern as compared to synthetic compounds. For 499 profile characterizations of individual bees, samples were analyzed using an Agilent 500 7890A gas chromatograph system with a flame ionization detector (GC/FID) and PTV 501 injector (cool-on-column mode), and outfitted with a DB-1 20 m x 0.18 mm Agilent 121-502 1022 fused silica capillary column (Agilent Technologies, Inc. Santa Clara, CA, USA). 503
Sample volumes of 1.0 μl were injected onto the column. Helium was the carrier gas 504 and applied at a constant flow rate of 1 ml/min. Analysis of the extract was carried out 505 with a column temperature profile that began at 50C (held for 1 min) and was ramped at 506 36.6 C/min to 150C and then at 5C/min to 280C, where it was held for 10 min. The 507 injector and FID temperatures were programmed to 280C and 300C, respectively. 508 Agilent OpenLAB CDS (EZChrom Edition) software was used to calculate the retention 509 time and total area of each peak. and desat1 were used as outgroups for the elongase and desaturase trees, 530
respectively. 531
To measure mRNA levels of individual genes, the cuticles from the abdomens of 532 four bees per group were dissected out, and total RNA was extracted using the Trizol 533 Reagent (Life Technologies, Grand Island, NY, USA). SuperScript II (Life Technologies, 534
Grand Island, NY, USA) reverse transcriptase was used to generate cDNA templates 535 from 500ng of total RNA per sample by using random hexamers. A Bio-Rad (Hercules, 536 CA, USA) CFX Connect Real-Time PCR Detection System and Bio-Rad iTaq Universal 537 SYBR Green Supermix were subsequently used for estimating relative differences in 538 mRNA levels across samples (N=4 per group, run in triplicate technical replications). 539
The eIF3-S8 housekeeping gene was used as a loading control as previously described 540 subsequently run on experiments where more than two groups were compared. Data 553 were visualized using non-metric multidimensional scaling (metaMDS function in the 554 vegan package of R (Oksanen et al., 2017)) using Bray-Curtis dissimilarity, and either 2 555 or 3 dimensions in order to minimize stress to < 0.1. For Table 1 and Table 1 Video Legends 941 942
Video 1: An interaction between a guard and focal bee scored as "Rejected". The focal 943 bee is marked with a green dot on its thorax. 944 945
Video 2: An interaction between a guard and focal bee scored as "Accepted". The focal 946 bee is marked with a pink dot on its thorax. 947 948
